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Slope Stability Evaluation of In-Situ Leaching Stope for Ionic Rare Earth Mines Based on Game Theory-Cloud Model
Liao Jianlong » Sun Hongjun, Wan Yi
(School of Civil and Architectural Engineering, Liaoning University of Technology. Jinzhou, Liaoning 121001, China)

Abstract: Aiming at the problem that the slope is easy to lose stability in the mining of ionic rare earth mines, and the
traditional stability criterion method is difficult to quantify the uncertainty of dynamic multi-field coupling, a slope stability
evaluation model based on game theory and cloud model was constructed. According to the four principles of uniqueness,
purpose, feasibility and observability, a multi-dimensional evaluation index system covering geomechanical parameters,
leaching process, slope geological conditions, hydrometeorological characteristics and regional geological characteristics was
constructed. The game theory was used to optimize the subjective weight determined by the fuzzy analytic hierarchy process
(FAHP) and the objective weight determined by the entropy weight method, so as to realize the collaborative weighting of
subjective and objective weights. The cloud model was introduced to quantify the membership degree of slope stability, and the
expectation, entropy and super entropy were used to characterize the random fuzziness of parameter values. An ionic rare earth
mining area in southern Jiangxi was taken as an example for industrial application. The results show that the comprehensive
stability scores of 17, 27 and 37 slopes in the mining area are 74.8 (sub-unstable), 58.9 (relatively stable) and 99.3
(unstable) » respectively, which are consistent with the actual observation results and the calculation results of the improved
AHP method. Compared with the traditional limit equilibrium method. the potential risks can be found in advance. It is verified
that the game theory-cloud model can provide reliable discriminant results and has high-risk sensitivity. The research results
provide a theoretical basis for the dynamic control of slope stability of ionic rare earth mines.

Key words: Ionic rare earth mine, Game theory-cloud model, Multi-field coupling., Index weight. Slope stability
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Fig.1 Evaluation system of slope stability for ion-adsorption rare earth in-situ leaching mine
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i AR i HE A X SR m ) HEBBIEC w1/ m 1/ D
[ 45 T 1845 ¢ S bR B (1,1,D (1.1,
Mg ok o 2 Ei=R R - (1,3,5) (1/5,1/3,1)
BUORET E (RIS A =L AL R TAC TR (3,5,7) (1/7.1/5.1/3)
RENE T R L AR NN (5,7,9 1/9,1/7,1/5
e 3 o TabR @ LA bR Xt £ % (7,9,9 (1/9.1/9.1/7)
] e HH S84 B 1] B4 i v 4 i mnez,4,6) X I (1/6,1/4,1/2)
(2) EBAL, TR
He ORI T 5 PO T A O e R U ) e R AR O 2% o A (12
RO o 38 3 0T 45 S RO %50 DX ) 7R A7 5 BAR R n—1
= A BRI — B 43 A 4 20 e 4 Bt T R cr ! (13)

37 0= () L (9),

lij 21 ij Uij
g, =la T Ems g (%)
4
1
A=la;lwsa; >0,a;, =— (9
a.

K cay; Ron BBWIL S BTE W7 LA, BIFE 4R ¢ 41
XEFAEbR j I HARBE LB 2 A o L1k
J5 BV W TR B sa s R a BOERIE,

(3) JHAFRIRALE .

I FH LA ~F- 34 30K AR S0 0B 1 0 2 A A 48 A A
., [UR BE U B i (L 1) 52 ) o SCRE T 5 B4 A 2 T Y
KF A BT L4540 i o B ) — SOk S () B (s A5 A
B IV A O A= N S ) N SO = R 7 N = GO DI
D),

:1929"'371 (10)

281 (1D

Kh.g, BRI A B 4700 F 0L F ¥
w® FRE  ANERRE EWALE B A5 E] 3 0L
g w? =(wi”ws” w7

(4) —HHER R,

— BB Y Y B E e W 1 38 A B
PE. R A2 R BUERRA R L S SR
I R B BE AL — B 48 B (L3R 2) HEAT R, IR
A (13) AT — SO L3 AR B AT — 2

K CT Fon —BHERE 1R 52 e RARFIWTHE I A 1
RARFFAEAE ;s CR R —BPE R RT A FEHL— 2L
PEFEAR 2 — T3 A9 ROfE Bk T 0 B A B 5
np i A B AR 2 3R A . A CR << 0.1, R UIALE 73 i
B B 22 W) 2T B DR A L DA A R LT
PR L A AL 25 /AT & TR BB W2 .

®2 TH-HMHER

Table 2 Average consistency indicators

n RI n RI
3 0.52 7 1.36
4 0.89 8 1.41
5 1.12 9 1.46
6 1.26

1.2.3 MRS & WA E

IR0 41 A WA 1) J /A D B2 3 ok 4 st il g
RERD B = AL 7 75 5 & U By 445 2 1 4% A
AN 25 SR 64T U 98 A A 308 3t 2 1 4 1) O SRR g
AR L3 . 5 T8 43 M) R B AR A R S A
ANFEVRA 5 ¥6 Z B 7 G S b 2 B B R
WY G R A 2R 56 M (B L B T SR A
VM R RH LR S ORI & 3. TigRied
B WRBGE LRI T,

(1) HRARMH,

R 4l 192 30 A WA T 1 S, A A O R A —
ANV, DL e B LS BB R
P S [ A 7 3k P A o) 3t 6 45 PR AL & F 1 /b
P22 B br R L 3 X (1o = (15)



B AT HEL-ZRANEFAH LT RILFZ R XY ARBERFN]]AF LIRS FL,2026,46(5). 95

MX =C (14

NEN
= (15)
b d]||B d
a b
iﬁEP:M—(] jjﬂ@iﬁﬂ‘]%%ﬁ(%ﬁﬁ;a Fm W

R ] 5w 5 F B R 0 R WA )
w5 B UAH 0] B ow B SR d 3RR B WAL ()

iw“%ﬁ%ﬁ@éﬁ%ﬂd&J,ﬁ%ﬁﬁ;a»ﬁﬁﬁ
PRl R An e, DR IH — ki a4 246G € =
[] R

(2) RS H—1k,

TERAE L M h RBUE R &bE r B 2 00
HEAT AR SR . A MO 50 2 46 XA /N T 15
BRI NZE 25 (AR SCH e = 10710, 3% 56 B Bl
S AT SR B L By AR A AS A7 7 e — fift , 7 XA
T oo FB BN 1255 M B E Ry R4 S0
AR A BB o AR W] DL EH RS, J5 S R
P 6) F A7) FEATIH— 1At

a

a’ :a+ﬁ (16)
B

= 17

B a+f an

Kf,e” B HHE—ILEHAAE FREL
(3) ZENHEITHERIE,
ZEAAE [n) & i IH — LA HR S B A A RO E
WA B 0] i FH 2% WA B 0] o AT 26 AR R .
B DR T2 00 i G AR ) B 1 L 1 S PT S L
XA R A — L G R B LR B AR Z AT
B PRI (18) = (20),

w'=a wY +pw (18)
o +p =1 (19
Dlw! =1 (20)
i=1
Khow’ =(w, ow, )T RN EALE ] 5L
MILE w, RRF n DIREPRELE G TEN IR ZR P 10 &
LM,
1.3 Z=EBZESIEM
SRR ZEE TN SR — M I T — S H N 2 =5

EAESMSHNE S TE, AAER 3 M HUE
BV R Ex il En R8BI He) R FIBEIE A0

TRFE . ZERERG PR AL TR R,

(D Bl —Ae b5,

s 9 — Ay 2 H A0 T BR A R AL 4 R KL
(ELYE P FIREE 1 8 22 S, DR UE 08 76 — B0 RO =
HAR M, @ 2D 4 1E w45 b i i 4Pk AR
A5 I 5000 (L I S5 3] — > T DX [ L 50 B TT{E
g R, ez i i =X (22) % 67w 4 Ak
H—feab B

x — minx

x =20+80 X - 2D

maxx; — min

maxx; — I

x =20-+80 X% (22)

maxx; — minx;

A’ A AW E; = o 6 48 b5
vmaxx; 2 EAFEARLESR bR B R
(ERIIECONR

(2) IHRZGEMIT.

i AR 8 B B8 28 AR s, mT ] T A
BZIPX R BRI 2T LR o B R T
H23),

min

SZE‘LU,TX' ez, (23)

ttiﬂ S ﬁ,znﬁ%é}ﬁ sw; R R LR G AL
N G At bRIE — A RS A .
(3) Wi = BT
Sh B R B 4 20 A A RN R E L 3 = B
Bt — L EHE P R 2R PR IR T 3 N A SR
WBAE Ex. 5 En MIEMH He, ¥ WA 2O =
K (26),

12
== >z, (24)
noi—
EnZLZ ‘17,—]51’ | X /l (25)
n - 2
HeZJ

Ko, TR o MEARFEAR R (E .

(4) M IE ) =R

T 17 2 A Rl e 5 VAl 45 G 1 BE AR S 8 (O
BRI A AR R E o A L DURT AR 0k
A TR) A 7 P 48 0 ) A0 A T R ARS H oR  AR R AR
A A2 8 2 o O 38 S R R A SR R T B 0P R
DAV A (A 5 AL 5 L SR TR JEE E R O 9\ AR AR Y — 4

Z (x; —Ex)* —En*®

noi—

(26)



96

g L AR

5 F £ 2026,46(5)

=L EE L 2D 2029,

En’ =En -+ He ¢ (¢ ~N(0,1)) 27)
Tuws =Ex +En’ » 7 (g ~NC,1)) 28
(2 cloud —Ex)?

Yy =€ )’ (29)

Koo p NARUEIEZS 70 AT BEHLAL (KRR 0 b 1fE 22
N sEn" AR JE R 2R R o, L
WA 5 0 coua WPPIMEL; y ARIBE

2 TAMA

VA e 8 B R XA R R TR A
FOEWALEEA 2 m R F B ER D 1 m. R
SRZEDY 0.3 m/d. IR [E] 120 d. AR Y 20 35 4y 2
J1% BRIV Z 503 3. S %6, %3 X T
KA R BTR S Hb 3R TC K. b R N BB 0
0.05¢g » AFFHIFEK O 1 645 mm . e K H KN
90 mm, MR PAEE NI B AEALRT R IX
3 DI R E G IR R, 17 27 AR

SE 37 IR R BT 4k
®3 BWNBHAFERILASY

Table 3 Physical-mechanical and geometry

parameters of slope
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Table 5 The result of calculating objective weight by entropy weight method
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Table 6 The calculated results of the weight of

the first-level indicators
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Table 7 The calculated results of subjective weight

based on FAHP method
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Table 8 The calculated results of the weight based on

game theory combination weighting method
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Fig.2 Comprehensive evaluation results of 1* slope cloud model
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Fig.4 Comprehensive evaluation results of 3% slope cloud model
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Table 9 Comparison of evaluation results
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